Plants of flax (Linum usitatissimum) were grown in sand culture and provided with only deionized water or full nutrient solution or with nutrient solutions lacking nitrogen, phosphorus, potassium or calcium. The plants were exposed to these different nutritional regimes through out their growth cycle, or the regimes were changed after 31 days of growth. The responses to the various treatments were measured by demographic methods, treating the foliage of a plant as a population of leaves. Leaves were allocated to cohorts as they unfolded so that leaf birth rates and death rates could be determined and survivorship could be related to age. The procedure allowed the process of senescence to be distinguished from ageing. The birth rate of leaves (as a measure of the activity of shoot apices) appeared to regulate the death rate of leaves on the same plant, presumably by determining in some way when minerals were withdrawn from older leaves. The linkage between birth and death rates was closest when potassium was deficient, and this is attributed to the high mobility of potassium in the plants.
Introduction
Deficiencies of mineral nutrients produce alterations in plant form (Wallace 1944) . There is a large body of literature giving verbal descriptions or colour photographs of the symptoms of mineral deficiencies (see, for example, Wallace 1944; Chapman 1966) . This paper describes an attempt to quantify some of the effects of mineral deficiency by studying the demography of plant parts. The procedure makes it possible to quantify the progress of senescence and distinguish it from ageing.
Traditional measures of the effect of environmental factors on plant growth (relative growth rate, crop growth rate, and their components leaf area ratio, net assimilation rate, leaf area index) require destructive harvests, and are concerned only with the net processes of growth, ignoring the birth and death of plant parts.
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Because they are concerned with net values it is not possible to distinguish between two plants, both of which make no net growth but one plant is producing no new leaves and none are dying, and the other is continually producing new leaves but older leaves are dying at the same rate. Almost inevitably they also assume that all leaf area on a plant may be treated as equal. The growth and form of a higher plant develop by the continued iteration of modular parts, which have their own birth and death rates -Bazzaz & Harper (1977) showed that it was possible to treat a whole plant as a population of modular parts and to use the techniques of demography to analyse environmental effects. The procedure involves recording the birth and death of leaves so as to obtain actuarial values for the flux in the leaf population of plants. The observations can be made throughout the life of a plant without destructive harvests.
J. L. H arper and C. Sellek

D efinition of terms
In the demographic analysis of plant growth the modular unit appropriate for study will vary according to the aims of the investigator. It must be a unit of growth that can be counted and have a life cycle beginning with birth and ending with death (Harper 1987) . Demographic studies have been made using as modules (1a)tillers (Kays & Harper 1974; Peters 1980) , ( ) shoots (Bernard 1976) , (c) buds (Noble et at. 1979; Maillette 1982) , ( d) ram 1978), and (e) leaves (Bazzaz & Harper 1977; Clark 1980) . White (1979) has reviewed the literature concerned with studies of the population dynamics of plant modules and introduced the term ' metapopulation ' for the population of modules that make up a genetic individual (genet). In this paper we have chosen the leaf as the modular unit for demographic analysis.
Various terms in the jargon of demography have been adapted to suit a situation in which the leaves of a plant are considered as a population:
Birth. A leaf was considered 'born' when it had developed to a stage at which it started to lean away from the apical bud sufficiently to support a plastic ring 2 mm in diameter slipped over the terminal bud.
Birth rate. This was calculated from graphs of accumulated leaf births against time and expressed as the number born per 5 day interval.
Cohort. The leaves born on a plant between two dates of recording are called a cohort. In this study all leaves born within a period of 3f days formed a cohort.
Death. A leaf was considered dead when it had lost all green colour or was wholly wilted and shrivelled.
Death rate. This was calculated from graphs of accumulated deaths against time, expressed as the number of leaves dying per 5 day interval.
Survivorship and survivorship curves. ' Survivorship ' is described as the change over time in the number still alive of a population born within a specified period (i.e. a cohort). A 'survivorship curve' is conventionally expressed as the logarithm of the number of survivors plotted against the time from 'birth'. Most leaf primordia die before 'birth' (most buds on higher plants never develop and the leaf primordia die) but after ' birth ' most leaves appear to have a high expectation of continued life. After a period the risk of death increases rapidly (Williamson 1976; Bazzaz & Harper 1977; Peters 1980; Clark 1980) . A convenient single parameter that expresses some of the characteristics of a survivorship curve is the ld50: the time elapsed before 50% of the leaves in a cohort have died.
Age structure. This is a frequency distribution of the ages of the various leaves on a plant or in a canopy. In the present study we classified the leaves present on a plant into 10-day age groups. The percentage of leaves on a plant in each age group was plotted against the age of the plant, to show the changing age dis tribution within its canopy.
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Materials and methods
Linum usitatissimum was chosen as the species for this study: it had been used in classic studies of mineral deficiency (Wallace 1944) and is in many respects an ideal plant for the extension of qualitative description to quantitative analysis. Commercially available seed stocks are highly inbred, germinate rapidly, develop uniformly and normally flower synchronously. The plants produce large numbers of easily counted leaves of rather uniform size and shape (Bazzaz & Harper 1977)- Plants of Linum may develop lateral branches from the cotyledonary axils and occasionally from the axils of the first few foliage leaves. It is sometimes convenient for demographic analysis to treat these branches as subpopulations, but this separation has not been made in the present paper.
Seed of flax ( Linum usitatissimum L. var. Maralta) was obtained from Dix Brown & Tate Ltd, Timberley, Cheshire. Seeds were sown in acid-washed sand in 100 mm plastic pots with a plastic gauze over the drainage holes. The sand, gauze and pots were washed in deionized water. The seeds were sown on 23 June and on 3 July seedlings were thinned to one per pot, selecting individuals that were as uniform as possible in size and developmental stage. Black plastic discs were then placed over each pot with a central hole to accommodate the seedling. The disc prevented algal growth and largely excluded dust and other contaminants.
We compared the leaf demography of Linum usitatissimum grown with full nutrient solution, deionized water and nutrient solutions deficient in N, P, K or Ca. These four minerals were chosen because of their role as macronutrients and because they show varying mobility within the plant. N, P and K are relatively mobile, and calcium is generally relatively immobile (Loneragan 1968; Loneragan & Snowball 1969; Hewitt & Smith 1974) .
In the early stages of the experiment nutrient solutions were provided through a tube and reservoir system to the bottoms of the pots. As the plants grew larger the solutions were applied directly to the surface of the sand.
The following nutrient treatments were applied: (i) complete nutrient solution : as defined (and modified for treatments ii-xvi) by Hewitt (1966) ;
(ii) complete nutrient solution for 31 days then deionized water; (iii) deionized water; (iv) deionized water for 31 days, then complete nutrient solution; Nutrient solutions were applied twice a week in 500 ml portions; this was in excess of field capacity and the pots were allowed to drain freely. Deionized water was added during periods when transpiration was rapid. In those treatments in which there was a change from complete nutrient solution to one with nutrient deficiency the sand was rinsed with deionized water to remove as much as possible of the residual solution.
Four replicate plants were grown per treatment and the pots were arranged in a randomized block design on benches in an unheated glasshouse. Leaf birth was recorded for 105 days after sowing. Cohorts were distinguished by colour-coded plastic rings slipped over the stem apices to rest on the most recently expanding leaf. Leaf death was recorded for 170 days. Some plants, especially those receiving full nutrient solution, still bore some live leaves on 23 April, 304 days after sowing and long after the plants would normally have been harvested in the field. With the approach of winter the plants entered a static condition with few leaf births and deaths. Plants that remained alive through the winter were harvested on 23 April. The time of appearance of the first flower buds on each plant and the number of capsules ripened per plant were recorded.
4.
R esults (a) Visual symptoms A verbal description of the state of those plants receiving continuous nutritional regimes was made 130 days after sowing. By this time the plants had widely differing form and development. The symptoms of deficiency corresponded closely with those described by Wallace (1944) .
(i) Complete nutrient solution
The plants were strongly developed, ca. 90 cm high, usually with four basal branches. The leaves were a healthy green, carried at an angle of 45° to the stem. Leaves on the lower regions of the main stem and branches had died. All plants had flowered and bore flower buds, flowers and ripened capsules. Leaves on the floral branches were smaller than those on the main stem and basal branches.
(ii) Deionized water
The plants were ca. 5 cm tall, with small, yellow-green leaves. There were no branches or flowers. Two of the replicates had died and the other two bore a few old but no new leaves.
The plants were small and thin-stemmed, 12-15 cm tall with small erect yellowgreen leaves. Only leaves at the top of the shoot were still alive. The plants bore no branches or flowers.
(iv) Phosphorus-deficient
The plants were similar in appearance to those deprived of nitrogen, though taller (20-30 cm), with reddish stems and slightly larger leaves. Only the younger leaves were alive. No branches were formed but a few flowers were produced.
Small thin leaves were carried on short internodes at a narrow angle to the stem. These turned brown at the tips and died quickly, leaving a rosette of live leaves at the top of the stems. The plants bore up to 16 basal branches and, as the older shoots died, more basal branches developed. No flowers were produced.
The shoot tips and young leaves were dying or dead. The plants were stunted (ca. 20 cm high) and carried broad leaves, reflexed from the stem. The leaves were chlorotic with green veins. As the shoot tips died, branches developed from the basal leaf axils, but these also died. No flowers were produced. Figure 1 shows the time sequence of births of the leaf populations on plants grown in complete nutrient solution (figure la), deionized water (figure 1 b) and in nutrient solutions deficient in phosphorus (figure lc), nitrogen (figure id), pot assium (figure 1 e) and calcium (figure 1/). The values shown in this and later figures are mean values for the replicate plants. In all cohorts of leaves on plants in all treatments the risk of death was very slight in the early life of a cohort. Thus the shape of each graph of the number of leaves in a cohort plotted against time has a characteristic form: a steep rise from zero, a plateau and a shallower decline to zero. The shape of a graph is determined by the timing and intensity of the two processes of birth and death.
(b) The dynamics of the leaf populations
Although the graphs in figure 1 contain almost all the relevant demographic data they can best be interpreted by considering the effects of nutrient regimes on birth and death rates separately.
Leaf birth rates
In figure ing birth rates of the leaves. Three different classes of response to nutritional regimes are apparent. Plants receiving complete nutrient solutions and solutions deficient in potassium both maintained a rapid (though declining) rate of leaf birth throughout the first 100 days. In contrast, the birth rate of leaves on plants that were deficient in nitrogen or phosphorus was, for most of the time, very much slower. A third category includes plants receiving only deionized water and those deficient in calcium. In both these regimes the plants rapidly attained a state of zero leaf birth rate (after day 30 on plants receiving deionized water and after day 60 on plants receiving no calcium).
Leaf death rates
The deaths of leaves are shown in figure 3 as the survivorship curves for 14-day cohorts. The longer time interval used for grouping leaves into cohorts for these comparisons is needed to give adequate numbers of leaves in each cohort for presentation of the data. It must be borne in mind, when interpreting these graphs, that a point on the graph represents the percentage of leaves still alive at the time of census. This means that a cohort shown as 4 born ' on day x includes leaves born in the period from day a;-14 to day x. The values for percentage survivorship include all deaths up to the specified census days.
D iscussion [a) The effects of specific nutrient deficiencies on leaf demography (i) The growth of plants in deionized water
The mineral resources present in a seed were sufficient to support the life of a plant of Linum usitatissimum for at least 160 days. We regarded a plant as alive so long as it bore at least one apparently live leaf or part of one.
The birth rate of leaves on the plants grown in deionized water quickly fell to zero (figure 2). Plants that received only deionized water early in their lives, rapidly achieved a high leaf-birth rate when they were given full nutrient solution (figure 4 a). Plants that had rapid rates of leaf birth after an initial period with full nutrient supply were able to maintain this high rate for 30 days after transfer to deionized water.
The very few leaves born on plants receiving no nutrient solution had long lives; indeed, a few exceptional leaves of the second (and last) cohort on these diminutive starved plants were still alive when 120 days old: the l d 50 does not adequately describe the survivorship in this unusual situation (figure 3 These were older than the leaves of comparable cohorts in any other treatment except continuous calcium deficiency. Clearly mineral deficiency per se of the plants did not cause leaf senescence. When plants were grown in deionized water for 31 days and then received full nutrient solution, most of the leaves of the first cohorts lived for longer (ld 50 increased from ca. 16 to 36 and 10 to 24 days) than those on plants that had never received nutrients (cf. figure 3 n, o) . When plants were grown in full nutrient solution for 31 days and then received only deionized water, the leaves on these early cohorts died more rapidly (cf. figure 3 o, p) .
The combined information from the rates of leaf birth and leaf death on plants grown in deionized water and in full nutrient solution strongly suggests that the death of the old leaves is in some way forced by the birth of the new.
(
ii) Responses to phosphorus and nitrogen deficiency
It is convenient to consider nitrogen and phosphorus together as the responses to deficiency are rather similar. In both cases the rates of leaf birth declined rapidly when the elements were deficient from the start of the experiment, although new leaves were still being produced after 100 days (figure 2). Clearly both elements are mobilizable from old leaves but with nothing like the mobility of potassium (figure 2).
Deficiency of nitrogen resulted in a lower leaf-birth rate than phosphorus de ficiency but the most striking effect was on the death rate of the older leaves ( figure  36, e) . The leaves on both nitrogen-deficient and phosphorus-deficient plants died more quickly than those on plants receiving full nutrient supply (except for the first cohort), but the leaves on nitrogen-deficient plants died [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] days earlier than those on phosphorus-deficient plants. This suggests either that the phos phorus in older leaves is less mobilizable than the nitrogen (indicated by the less marked effect of deficiency on leaf birth rate) or perhaps that its withdrawal from older leaves has less lethal consequences. The rapid onset of senescence in nitrogenstarved plants is not surprising in view of the large proportion of the element that is fixed in cell components -especially protein -so that major disruption may be expected to follow its mobilization and withdrawal (Girardin et al. 1985 , 6) . Even in the leaves of plants that have not been nitrogen-starved the decrease in protein content in senescent leaves is due less to inability to synthesize it than to a drain of soluble nitrogen compounds to the developing newer organs of the plant (Walkley 1940; McKee 1958) .
When plants were grown deficient in either nitrogen or phosphorus for the first part of the growth period, and the nutrient was then supplied, the birth rate of leaves was rapidly restored to that of plants that had never suffered deficiency ( figure 46, c) . However, when the plants were given full nutrient solution during early growth and were then deprived, the leaf birth rate of those receiving no further nitrogen fell rapidly to zero. In contrast, the birth of new leaves on plants receiving no further phosphorus continued almost unchecked for 70 days.
The survivorship curves of leaves on plants that experienced a changed nutrient regime after early growth are also revealing. When nitrogen supply was restored to previously deficient plants the l d 50 of even the earliest formed leaves was increased by 35-40 days (cf. figure 3e,/) . The senescence of nitrogen-starved leaves is at least partly reversible and older leaves retain the capacity for protein syn thesis. The genetic code for reactivation of chloroplasts and other cellular systems is clearly available until an advanced stage of senescence (Thomas & Stoddart 1980) . Girardin et al. (1985 a, 6) have shown that leaves of nitrogen-deficient plants of Zea mays are able to recover photosynthetic activity when resupplied with nitrogen, and even, for a short period after nitrogen starvation, to overcompensate and have a higher chlorophyll efficiency than controls.
Restoring phosphorus to phosphorus-deficient plants also increased the expectation of life of the older leaves, but only by 10-15 days. The smaller effect of phosphorus was not surprising: its deficiency had less effect than nitrogen in shortening the life of leaves and its restoration had a correspondingly small effect in lengthening their expectation of life. When plants were supplied with full nutrient solution early in growth and then with solutions deficient in nitrogen, the expectation of life of the older leaves was reduced, even in comparison with plants deprived of nitrogen throughout their lives (cf. figure 3 e, g ). The same'effect was observed when phosphorus-deficient solution was supplied after an initial period of growth on full nutrient solution (cf. figure 36, d ). The plants that had received full nutrient solution in their early growth period were, of course, much larger than those that started their lives deficient in nitrogen or phosphorus and when these larger plants were suddenly deprived of either of the nutrients, their demands for them were correspondingly much higher, placing an even greater demand on, and forcing greater withdrawal of, resources from the older leaves.
(iii) Responses to potassium deficiency
A characteristic of plants deprived of potassium throughout their lives (except that present in the seed reserves) was that the birth rate of leaves was almost unchanged in comparison with that on plants grown with full nutrient solution (figure 2). The effect of deficiency was almost wholly to increase the death rates of leaves, greatly shortening their expectation of life. This behaviour is wholly compatible with the known high mobility of the element within plants (Epstein 1972; Hewitt & Smith 1974) , though it could also be explained if young developing leaves were more powerful sinks for this than for other elements.
Of all the nutrient deficiencies studied in this experiment, potassium was the clearest case in which the birth of new leaves appeared to drive the death of the old. The expectation of life of old leaves on potassium-deficient plants was much increased when potassium was added to the nutrient solution after 31 days of deficiency (cf. figure 3 h , i ): the expectation of life was equally strikin when potassium was removed from the full nutrient solution after the first 31 days (cf. figure 3 h,j).
The rapid decline in leaf birth rate after the withdrawal of potassium from the nutrient solution after 31 days ( figure 4 d )w as surp rapid leaf birth rate would continue, using potassium absorbed during the first growth phase. It may be that the high mobility of potassium within the plant is lost in the later growth stages.
(iv) Responses to calcium deficiency
The effects of calcium deficiency were, in most respects, the opposite of those caused by potassium deficiency. A continuous deficiency of calcium brought the leaf birth rate to zero after ca. 85 days though before this time the effects were less marked than those caused by deficiency of nitrogen or phosphorus. Calcium is known to have low mobility in phloem. It may accumulate to luxury levels in old leaves (presumably carried in the transpiration stream) and yet become deficient in younger leaves of the same plants (Loneragan 1968; Loneragan & Snowball 1969) . However, seed reserves are presumably readily mobilized, judging from the rather slight effects of continuous deficiency on leaf birth rates in the first 40-50 days of growth (figure 2) and the lack of response to withholding calcium during the first 31 days of the experiment (figure 4 e).
The length of life of the first cohort of leaves on plants that were continuously deficient in calcium scarcely differed from that of the leaves on control plants (ld50 extended from ca. 40 to 43 days). However, the next two cohorts on calciumdeficient plants had much shorter lives than those on the controls (ld50 ca. 40 and 45 days compared with 50 and 130 days on the controls) (cf. figure 3a, k) . Later cohorts lived longer than those on the controls. The canopies of the calciumdeficient plants therefore became dominated by old leaves. This is particularly apparent in the age-structure diagram (figure 5/). When calcium was supplied after 31 days of deficiency the longevity of the later cohorts was increased, even beyond that of the controls (cf. figure 3 a, l) , and when calcium was omitted from the culture medium after the first 31 days, deaths started to occur earlier than in the controls (cf. figure 3a, m) .
(6) The effects of nutrient deficiency on the age structure of the leaf populations The birth and death rates of leaves combine to give an age structure to a leaf population. The effects are shown in figure 5 a -/ for the continuous nutrient regimes. Plants that received continuous full nutrient solution accumulated leaves of different ages so that after 100 days eight different 10-day cohorts were represented in the canopy (figure 5 a). The three youngest cohorts each contributed ca. 20 % and the three oldest ca. 1 0 % each. The greatest contrast i on plants grown in deionized water: this was composed entirely of the two earliest cohorts, which had grown old (figure 56). After 100 days the canopy was composed only of leaves more than 71 days old.
The canopy of phosphorus-deficient plants had an age structure very similar to that of plants that received full nutrient solution (cf. figure 5 a, c) , except that after 100 days the four youngest cohorts contributed only ca. 42% of the canopy compared with ca. 60% on plants receiving full nutrient solution. The phosphatedeficient plants still bore a few leaves 81-90 days old.
The age structure of the leaf population on nitrogen-deficient plants differed from that of phosphorus-deficient plants because old leaves were lost more rapidly. After 120 days the oldest leaves present were 51-60 days old and 76% of the canopy was composed of leaves 11-50 days old.
The canopy of potassium-deficient plants was continuously young (figure 5e). Because new leaves continued to be born during the experiment and had very short lives, the age structure after 100 days was dominated (78%) by leaves less than 20 days old and no leaf on the canopy was more than 30 days old.
In complete contrast with the response to potassium deficiency, the age struc ture of calcium-deficient plants was dominated by old leaves (figure 5/). After 100 days there were no leaves present, less than 31 days old and 76% of the canopy was more than 51 days old.
(c) Senescence The techniques of leaf demography permit a sharp distinction to be drawn between the phenomena of ageing and senescence. Ageing is the process of growing older, measured by the passage of time. Senescence is the progressive deterioration of bodily faculties and performance that accompanies growing older, and leads sooner or later to the death of an organism or some part of it (see discussions in Medawar & Medawar (1984) and Sexton & Woolhouse (1984) organisms, such as the higher animals, the process of senescence proceeds inexorably from the time of birth to the time of death : the life cycle ends with the death of the whole genetic individual. In many clonal organisms (most perennial plants and modular clone-forming animals such as corals and bryozoans) there appears to be no programmed senescence of the genetic individual (product of a zygote) but it is their modular parts that follow a determinate progress from birth to death (Harper 1985 ; Buss 1985 ; Harper et al. 1986; Watkinson & White 1986 ). The death of a clonal organism is the death of its last living module. Even in annual plants in which the genet has a limited lifespan, the modular parts have their own regime of senescence.
A leaf is a module of limited growth (with some odd rare exceptions such as that of Welwitschia). It has presumably an intrinsically limited length of life, though this may be as long as 30 years (in Pinus aristata). However, there is much evidence that the onset of senescence in, and ultimately the death of, leaves is normally controlled by forces outside the leaf exerted by other parts of the plant. For example, Mothes & Bardisch (1958) removed all the leaves from a plant except one that was senescing and starting to lose its chlorophyll: the senescent leaf then regreened (see Mothes (i960) , Thomas & Stoddart (1980) , Woolhouse (1982) amd Sexton & Woolhouse (1984) for general reviews).
A leaf becomes less and less valuable to a plant as it ages. Not only do the rates of photosynthesis and carbon export to the rest of the plant decline (Hopkinson 1964; Khan & Sagar 1966) but older leaves are commonly shaded by the new. Mineral resources that are invested in a leaf therefore become increasingly costly as a leaf ages. It is therefore not surprising if mechanisms have evolved that ensure that such investments are redistributed to ensure maximal returns.
The death of leaves and the translocation of mineral resources to other parts of a plant are part of the normal growth cycle of a plant. Nitrogen may be reallocated at least three times during the second year of growth of the biennial Arctium tomentosum (Heilmeier et al. 1986) . In this species the reallocation is so efficient that of the maximum above-ground nitrogen content achieved by the plant in its growth cycle 73% eventually finds its way into seeds (compared with only 19% of the carbon). Sinclair & de Wit (1975 have shown that in many species it is only a 'self-destruct' process in older leaves that makes possible sufficient remobilization of resources for the provisioning of seeds and fruits.
Much recent work has focused on the role of flowering and seed ripening on the rate of senescence of leaves especially in monocarpic plants (see, for example, Lindoo & Nooden 1978 ; Murray & Nooden 1981; Wang & Woolhouse 1982) . Leaf senescence often becomes especially obvious when fruits are being ripened and various studies have suggested that hypothetical senescence factors are formed in the fruits and are translocated to initiate senescence in other parts of the plant (Murray & Nooden 1981) . Linum usitatissimum is monocarpic, and Bazzaz & Harper (1977) showed that leaf senescence was not tightly linked with flower and fruit initiation in this species. Indeed, most of the studies reported in the present paper were of senescence in plants that did not flower at all. In all the cases that we report, the rapid senescence of older leaves was synchronized with the rapid formation of new ones. The common association of leaf senescence with the ripening of fruits and seeds may be just one facet of the more general association of senescence in one part of a plant with nutrient consumption in another. Many of the studies of the association between the ripening of seeds and leaf senescence have been made on legumes, and these may represent a special case. Nitrogen is less likely to be limiting during vegetative growth in members of this family because of symbiotic nitrogen fixation: ' self-destruct ' may not then be forced in the leaves until fruit formation starts and nodules cease to be active. It is ques tionable whether the close link between seed ripening and leaf senescence is so widespread a phenomenon in plants of other families.
A crucial question about the senescence of leaves is whether the activity of developing organs drives the senescence of the old or the senescence of old organs allows the development of the new. The experiments reported here seem to give a clear answer to the first question. When nitrogen phosphorus or calcium were omitted from the culture solution during early growth and then supplied, the effect was to stimulate the leaf birth rate and either to delay the senescence of the older leaves or, with calcium, scarcely to change it. Even when plants were given no nutrients during early growth and were then given full nutrient solution the lifespan of most of the old leaves was increased (cf. figure 3 o) . Only 20% of the leaves on the second cohort were exceptional. We conclude that it is the birth rate of new leaves that drives the death of the old. We might interpret this conclusion in terms of the ' sink strength ' of new developing tissues creating demands on and withdrawing nutrients from the older leaves. It is questionable, however, whether this is an explanation or just a rephrasing of the conclusion in more emotive words.
A second crucial question is whether it is the withdrawal of nutrients from a leaf that causes them to senesce or whether it is their senescence that causes them to release nutrients. In answering this question it may be important to recognize that a ' self-destruct ' process is not just a special process forced by nutrient deficiency but is part of the normal life of an active leaf: the half-life of protein turnover in a healthy leaf may be of the order of only 3-5 days (Davies 1980) . The loss of nitrogen, phosphorus and potassium from a senescent leaf may be part of the same process of continuous cellular flux of self-destruct and resynthesis that is involved in recycling within cells. In a deficient plant it may be from this continual flux within the cells that nitrogen and other mobile elements are withdrawn to younger leaves. Senescence of the leaves might then be interpreted as a consequence of the loss of nutrients rather than the cause of their loss. Biswas & Choudhuri (1980) and Ray & Choudhuri (1980) suggested that in the mobilization of metabolites during grain formation in rice there was a decrease in cytokinin and an increase in abscisic acid levels, which in turn triggered the senescence of the leaves and the release of phosphorus. Mondal & Choudhuri (1985) treated leaves with benzyladenine to delay senescence and found that the leaves retained more phosphorus. Treatment with abscisic acid accelerated sen escence and more phosphorus was exported. They attributed the enhancement of leaf senescence to decreased synthetic activity, as a result of which the leaves soon became depleted of nutrients i.e. the primary cause of senescence was the decreased synthetic activity and the release of nutrients followed as a dependent effect.
In our experiments the provision of nitrogen, phosphorus or potassium, after a period of deprivation, delayed the onset of senescence. The delayed senescence occurred despite the rapid development of new leaves. We conclude that it is the loss of the more mobile nutrients from a leaf that leads to its senescence rather than vice versa. If this is so, it becomes necessary to look for the ways in which rapidly developing tissues initiate nutrient release from older leaves rather than ways in which they promote senescence.
(d) The methodology
The major criticism of the study of plant growth by demographic methods is that it is a tedious procedure to accumulate the data. However, it avoids the problems of destructive sampling and therefore of massive replication that are necessary in more conventional growth analysis. It also contributes more infor mation because conventional growth analysis is concerned with net values, so growth in weight or in numbers cannot be partitioned into its gross components of gains and losses. A plant may retain the same number of leaves or the same mass of tissues either by making nothing new and losing nothing old or by gaining and losing, even very rapidly, but at the same rate. Only detailed tracking of the appearance and fate of structures allows the pace of the underlying flux to be detected. The same phenomenon is well known to those who study the ways in which the populations of man and other animals are determined.
Ideally, a study of leaf demography needs to be coupled with analysis of changes in leaf activity, e.g. rates of respiration and photosynthesis, so that the activities of the canopy of the whole plant can be integrated. There is abundant evidence that the value of a leaf as a source of metabolites depends on its age. This is true not only for the plant that bears it but also for pathogens or predators that may consume it Kennedy & Booth 1951; Hartnett & Bazzaz 1984; McNeil & Southwood 1978) . A description of plant growth that is relevant to understanding the behaviour of predators and pathogens therefore needs to combine a study of the demography of the plant parts with an analysis of how their nutrient content changes with age.
It is possible to study the changing activities of a leaf as it ages but such changes are likely in most plants to be confounded with effects of age on the position of a leaf within the canopy. This position effect does not arise (or is ignored) in most studies of population processes in animals, though even then younger individuals may be concentrated near the centre of a pack or herd and older ones be at a position of greater risk at the periphery. Studies of the changing activities of leaves as they age have sometimes been made with plants deliberately chosen to have a growth form that minimizes the overlap of leaves (e.g. the cucumber used by Hopkinson 1964) . There are presumably two stages in a reductionist analysis of the activities of a leaf canopy: (i) to determine the changes that occur in leaves of different ages, which includes the effect of age on position within the canopy, and (ii) a separation of the effects of age per se from the age-dependent effects of position, which may itself influence the rates of senescence and nutrient mobil ization.
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